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In humans, cyclins of the A group display a HP that provides a docking site for the tumor suppressor Cdk inhibitors (CKI) p27 and p21. [2] [3] [4] [5] The same HP is also used as a substrate-targeting face for docking onto substrates of the E2F and pRB families, increasing the efficiency of phosphorylation by the cyclin A-Cdk2 enzyme. 6, 4, 7, 8 The crystal structure of human Cdk2-cyclin A3 bound to a peptide from the p107 substrate (pRB family) clearly shows that the HP contacts the substrate at a location distant from the Cdk's active site (ref. 8 , Fig. 1A and B). High conservation of amino acid residues constituting the HP in Clb5 (when modeled on human cyclin A3), suggested the functional importance of the HP across eukaryotes. 9, 10 Mutations in the Clb5 HP reduced its biological activity, and eliminated its ability to bind to human p27, without reducing its Cdk1-dependent kinase activity. 9 Because no clear homologue of p27 exists in yeast and because the best characterized yeast CKI Sic1 binds to Clb5 independently of the HP, it was hypothesized that the Clb5 HP would function in substrate targeting. 9, 10 
THE HYDROPHOBIC PATCH IN Clb5 BLOCKS REREPLICATION
A 2-hybrid screen for proteins interacting with Clb5 in a HP-dependent manner identified several potential Clb5-Cdk1 substrates. One of them was Orc6, 1 a subunit of the origin recognition complex (ORC), which constitutively binds to origins and serves as a platform for the assembly of the prereplicative complex by recruitment of Cdc6 and MCMs. 11 Reciprocally, an 'RXL' or 'Cy' motif was identified in Orc6 and found to be highly conserved across budding yeasts. 1 The Clb5 (HP)-Orc6 (RXL) interaction was found to involve origin-bound Orc6 in vivo and was also confirmed by coaffinity purification and a gel retardation assay. Disruption of the Orc6 RXL in the presence of stabilized Cdc6 (by N-terminal truncation, which uncouples it from ubiquitin-proteasome degradation) was sufficient to inflict a severe proliferation defect. 1 Clb5 was known to function in preventing rereplication, but the molecular basis for this function was unknown. 12 Meanwhile, several mechanisms were known to function in preventing rereplication and include Cdk-dependent phosphorylation of Cdc6 that targets it for degradation, nuclear exclusion of MCMs and Cdk-dependent phosphorylation of the ORC complex. 13 Disrupting any one of these mechanisms does not allow rereplication to take place, but disrupting them all causes cells to accumulate significantly more than 2C DNA. 13 We showed that the ORC6-rxl mutation, which disrupts the Orc6-Clb5 interaction, markedly increased the amount of rereplication in cells, when combined with the above mutations. 1 Clb5 binding to origin-bound Orc6 probably does not occur until replication is initiated at each individual origin. 1 Therefore, unlike in the fission yeast, where a mitotic B-type cyclin (cdc13) blocks rereplication by binding to Orp2 in mitosis, 14 in the budding yeast, an S-phase cyclin (Clb5) can block rereplication by binding instantly to Orc6 as soon as an origin has been replicated, thereby providing an elegant switch. 1 The precise molecular mechanism enabling the Clb5-Orc6 interaction to prevent rereplication is still unclear. A stable interaction could provide sufficient steric hindrance to block the assembly of a preRC at replicated origins. A fast-exchanging interaction could allow an increase in concentration of Clb5-Cdk1 around the preRCs where it could then more efficiently phosphorylate Cdk targets that could become refractory to preRC formation when phosphorylated. 13 Further experiments are required to distinguish between these two models, which are not mutually exclusive.
To directly test the ability of the Clb5 HP to affect the ability of Clb5 to phosphorylate targets other than Orc6, we performed in vitro kinase assays on Cdc6 using the Clb5-Cdk1 kinase (Fig. 2) . Wild type and mutant forms of Cdc6 were expressed and purified from bacteria. Wild type and hydrophobic patch mutant (hpm) forms of Clb5 were coexpressed with Cdk1 and purified from baculovirus-infected insect cells. While Clb5-Cdk1 and Clb5-hpmCdk1 phosphorylated the nonspecific substrate bovine histone H1 equally well (see ref. 1; data not shown), Clb5-hpm-Cdk1 displayed a greatly reduced efficiency of phosphorylation on Cdc6. To a lesser extent, deletion of a suggested Cy (RXL) motif in Cdc6 (∆8-17) 15 also reduced the efficiency of phosphorylation (although the status of this sequence as a genuine RXL is in doubt). 15 Deletion of the whole N-terminus (∆2-49) eliminated most consensus Cdk phosphorylation sites, thereby strongly reducing the intensity of phosphorylation. While G 1 cyclins are most efficient at phosphorylating Cdc6 to target it for degradation, B-type cyclins (Clbs) can also regulate this process. 16 Even a transient Clb5 (HP)-Cdc6 (Cy) interaction could allow more efficient phosphorylation of Cdc6, changing its turnover rate, or its interaction with other proteins. Cdc6 interacts strongly with Clb2 in vivo, 17, 18 Providing a mechanism to sequester Cdc6 away from preRCs, which contributes to prevent rereplication in mitosis. 18 This interaction requires Cdc6 to be phosphorylated on its N-terminal domain. 18 Therefore, it is possible that Clb5 HP-dependent phosphorylation of Cdc6 prepares Cdc6 for its interaction with Clb2 to prevent rereplication. The Clb5 HP could contribute to Cdc6 phosphorylation either directly (Fig. 2) or indirectly, in vivo, by targeting Clb5 to the ORC complex where Cdc6 may also be localized.
THE HYDROPHOBIC PATCH IN Clb5 DOES MORE-EXPLORING OTHER TARGETS
Several lines of evidence hint that Clb5 may regulate other targets using its HP. Cdh1 and Cdc20 are two conserved WD40 proteins that serve as adaptors between the Anaphase Promoting Complex (APC) and its targets. B-type cyclins are among those targets. While B-type cyclin destruction allowing mitotic exit is largely mediated by APC, Cdc20 maintenance of low Clb levels in G 1 is achieved through APC Cdh1. 19 In S. cerevisiae, inhibitory phosphorylation of Cdh1 by Cln-Cdc28 at Start helps the accumulation of S-phase cyclins Clb5-6, but complete inactivation of Cdh1 requires its phosphorylation by Clb5(6)-Cdc28. 20, 21 Complete inhibition of Cdh1 allows a more efficient accumulation of mitotic Clbs. Similar findings were made in human cells, where cyclin A is specialized for the inactivation of APC Cdh1 . 22 An RXL motif that bound to cyclin A was identified, which is perfectly conserved between human, frogs, flies, plants and www.landesbioscience.com
Cell Cycle e53 A B C both fission and budding yeasts. The authors showed that in mammalian cells, disruption of this motif eliminated the Cdh1/cyclin A-Cdk2 association and the Cdh1-associated histone H1-kinase activity, and reduced phosphorylation of Cdh1 by cyclin A-Cdk2 in vitro and in vivo. Therefore, it seems likely that Clb5 uses its HP to bind Cdh1 through the conserved RXL and phosphorylate it more efficiently to inactivate it, although this idea has not been tested directly. This idea could explain the relative inability of Clb5-hpm compared to Clb5 to rescue inviability of clb3,4,5,6 mutants, 10 since clb3,4,5,6 mutants are rescued for viability by deletion of CDH1. 21 In the mammalian system, disruption of the RXL motif in Cdh1 reduced the ability of APC Cdh1 to target cyclin A for destruction. 22 However, this latter mechanism is unlikely to play a role in regulation of Clb5 in budding yeast, since Clb5 degradation is independent of Cdh1. 19 In addition to Orc6, our 2-hybrid screen identified several more HP-dependent Clb5-binding proteins. These include the microtubule-associated protein Fin1 (provided as an example in Fig. 3) , the endonuclease Yen1, and the G 1 cyclinCdk inhibitor Far1 (important for G 1 arrest in response to the mating pheromone). The Clb5-Far1 interaction was independently found in a proteomic screen for cyclin-associated proteins. 23 At the same time, some proteins were found to interact with Clb5 regardless of the presence of the HP (Fig. 3) . Functional studies will be required to uncover the biological relevance and mechanistic details of these interactions. But the results from the 2-hybrid screen suggest the existence of two distinct modes of interaction with cyclin-Cdk enzymes, that could be defined by the Cdk active site and by the cyclin's HP. The latter mode could provide cyclin specificity if the HP differs between cyclins. Strikingly, all 2-hybrid targets that were HP-dependent for Clb5 interaction were negative for Clb2 interaction (e.g., FIN1 in Fig. 3) ; similar results were obtained for Yen1 and Far1, and Orc6), while most or all targets that were HP-independent for Clb5 interaction interacted equally well with Clb2 (e.g., SPC42, RED1, CDC27 in Fig. 3) , consistent with the idea that the HP contributes to cyclin-specific recognition.
EVOLUTIONARY PERSPECTIVES ON THE HYDROPHOBIC PATCH IN CYCLINS
The fact that the cyclins' HP is an ancient, conserved motif suggests that it carries out important functions. 10 Taking advantage of recently sequenced genomes spanning the hemiascomycetous yeast, [24] [25] [26] [27] [28] [29] we explored the evolution of the Clb family. The evolutionary relationship of these yeasts to S. cerevisiae and the presence of different Clbs is illustrated in (Fig. 4A) . The Clb family in S. cerevisiae appears to have gone through several rounds of duplication since the last common ancestor preceding Y. lipolytica. The most recent and best-studied duplication is a whole-genome duplication, 30, 26 which doubled the number of Clbs in the S. cerevisiae, S. castellii and C. glabrata lineage. Thus, Clb1 and Clb2 are duplicates of an ancestral cyclin which we label Clb12, Clb3 and Clb4 are duplicates of ancestral Clb34, and Clb5 and Clb6 are duplicates of ancestral Clb56. Our data suggest that preceding the whole genome duplication, Clb12 and Clb56 were the result of an adjacent gene duplication of an ancestral Clb1256. The most parsimonious interpretation is that this novel duplication occurred somewhere between A. gossypii and D. hansenii: however, the precise location of this duplication event is sensitive to the completeness of proteomes from sequenced genomes. Given these sequences of the Clb family in hemiascomycetous yeasts, we constructed a molecular phylogeny using H. sapiens cyclin A2 as an outgroup. There are three distinct clusters for the full sequence phylogeny shown in Figure 4B: (1) the Clb3/Clb4/Clb34 family, (2) the Clb1/Clb2/Clb12/Clb1256 family, and (3) the Clb5/Clb6/Clb56 family. At face value, the tree would suggest that the Clb1/Clb2/Clb12/Clb1256 family has conserved the function of an ancient hemiascomyceteous Clb1256, and that the Clb5/Clb6/ Clb56 family is a new invention following an adjacent, gene duplication event. In contrast to this phylogeny based on the entire cyclin sequence, if one focuses on residues in and around the hydrophobic patch ( Fig. 1C and Fig. 4B ) a different story emerges. Despite the overall stronger conservation between Clb1256 and Clb12 compared to Clb56, the Clb12 family appears to have evolved a potentially novel binding pocket (see highlighted residues in Fig. 4B) . Firstly, the residue aligned with Clb5's M197 is an N in Clb1/Clb2/Clb12 cyclins. This methonine residue is conserved in human cyclin A, where it contributes directly to a HP-RXL interaction. 8 Secondly, the residue aligned with Clb5's T199 (aligned with the A of the MRAIL motif, a conservative substitution of small uncharged sidechains), is a D in all Clb1/Clb2/Clb12 cyclins examined, introducing a negative charge. Perhaps inversely, the residue aligned with Clb5's D203 is an N in Clb1/Clb2/Clb12 family members, removing a negative charge. Both of these residues are conserved between Clb5 and cyclin A. While they do not engage in a direct interaction with an RXL-containing peptide, 8 the introduction or removal of a negative charge in the vicinity of the HP could potentially have profound effects on its conformation and electrostatic potential. Just outside of the HP of cyclin A, a glutamic acid residue can form a salt bridge with the arginine residue of an RXL motif, 8 and is conserved as E207 in Clb5. The residue aligned with Clb5's E207 is a K in Clb1/Clb2/Clb12 family members. Confirming the structural and functional significance of this change, the E207K mutation introduced directly into Clb5 largely abrogates the function of the Clb5 hydrophobic patch in 2-hybrid analysis as tested by interaction with mammalian p27, 10 presumably because the positive charge clashes with the positive charge of the RXL. Clb2 interacts poorly with p27 ( Fig. 3) , consistent with this idea. All these changes in or around the HP motif are conserved within the Clb1/Clb2/Clb12 family and have the potential to dramatically affect the binding specificity of Clb2's HP equivalent (Fig. 1C) . This apparently sudden evolution of a different hydrophobic patch in the Clb1/Clb2/Clb12 family and its subsequent conservation (Fig. 4B) suggests that this motif has acquired at least one new function. A functional HP is required for Clb2 to be exported from the nucleus, and it is independently required for Clb2 to localize to the bud neck. 31 Since this behavior is observed for Clb2 but not other Clbs, this could be one of the new functions of the Clb12 family hydrophobic patch. Clb2, and not Cln2, Clb3 or Clb5, also specifically interacts with Bud3, and this interaction may be required for bud neck localization; 31, 23 HP dependence of Clb2-Bud3 interaction has not yet been characterized. While the HP motifs of Clb1 and Clb2 are identical, Clb1 does not localize to the bud neck, and results from Bailly et al 31 suggest that this difference may be due to other divergent residues required for the Clb2-Bud3 interaction. The authors suggest a role for the Clb2 bud neck localization in positively regulating cytokinesis. Such a function for the HP in Clb2 would be distinct from the known function of the HP in Clb5 in preventing rereplication by binding Orc6, 1 and in general, Clb5 appears to lack any ability to significantly regulate mitosis. 32 Therefore, it appears likely that the HPs in Clb2 and Clb5 have diverged to mediate interactions with different targets. The gene duplication event that allowed the Clb1256 ancestral cyclin to generate the Clb12 and Clb56 ancestral cyclins (I in Fig. 4A ) could have allowed a bipartite specialization. Consistent with a specific funtion of the Clb2 HP in interaction with targets involved in mitotic regulation, disrupting the HP in Clb2 reduces its mitotic function, although surprisingly HP disruption increases the capacity of Clb2 to compensate for the absence of Clb5. 10 It was suggested that the stronger nuclear localization of Clb2 that is observed when the HP is mutated is responsible for this compensation. 31 The HP motif is also slightly different in the Clb3/Clb4/Clb34 family, but it still resembles most closely the Clb5/Clb6/Clb56 HP (Fig. 4B) . Therefore, the Clb5/Clb6/Clb56 family and perhaps the Clb3/ Clb4/Clb34 family could have retained the ancestral function of the HP, while the Clb1/Clb2/Clb12 family could have evolved to use the HP differently.
An examination of the occurrence of HP-RXL interactions in recently identified targets of cyclin-Cdk complexes 33, 23 would be a good starting point to further examine the importance of these interfaces in cyclin specialization. It would also be interesting to carry out a similar 2-hybrid screen for Clb2-binding proteins that would depend on its newly evolved HP. We would predict that Clb2-HP interacting proteins would bind poorly to Clb5. Random mutagenesis carried out on Clb5 has yielded mutants in the HP and surrounding residues that bind differentially to various HP-dependent 2-hybrid targets, consistent with the idea that the HP can be remod- Figure 4 (previous page). (A) Evolutionary relationship of sequenced hemiascomycetous yeasts to S. cerevisiae and the presence of different Clbs. The species tree is taken from Piskur et al. 38 With the exception of S. cerevisiae, K. waltii, A. gossypii, C. albicans, we extracted Clbs ourselves from genomic sequence. 25, 29 The presence of a Clb homologue was defined as having a protein BLAST expectation value smaller than 10 -30 against a S. cerevisiae Clb. The identity of each hit was assigned based on the best protein BLAST score, and when necessary, synteny was used to discriminate between very close homologues. The total number of such Clb homologues in each species is listed in parenthesis. The syntenic relationship and orientation between Clb2/Clb5, Clb1/Clb6, and Clb12/Clb56 is perfectly conserved across these different yeasts. These data strongly suggest that the evolution of Clb family in S. cerevisiae is the result of two major duplication events: (I) an adjacent gene duplication of an ancient Clb1256 into a Clb12/Clb56 family, and (II) whole genome duplication of Clb12/Clb34/Clb56 resulting in a Clb1/Clb2/Clb3/Clb4/Clb5/Clb6 family. Our sequence data, accession numbers, and details of extraction can be found at http://www.physics.rockefeller.edu/~buchler/hpclb/. (B) Sequence alignment. Using CLUSTALW, 39 we have aligned our Clb protein sequences (including H. sapiens Cyclin A2) and constructed the phylogenetic tree with MrBayes 3, a program for the Bayesian estimation of phylogeny. 40 Consensus phylogeny and posterior probabilities (shown as percentage at each branching node) were obtained from a run of 10 6 generations with sampling every 1000 generations using the Jones amino-acid substitution matrix. The phylogenetic tree has three distinct clusters: Clb3/Clb4/Clb34, Clb1/Clb2/Clb12/Clb1256, and Clb5/Clb6/Clb56: these clusters are accentuated by the horizontal lines. With the exception of C. glabrata Clb1, which has undergone recent, rapid evolution, the branch lengths are drawn to scale (scale bar is in units of average number of amino-acid substitutions per amino-acid). Juxtaposed with the phylogenetic tree, we include the CLUSTALW sequence alignment of the hydrophobic patch region and the alignment amino-acid positions from putative start codon are listed in parenthesis. Perfectly conserved amino-acid residues are marked with an asterisk (*) and those residues demonstrated to be important for the functional Clb5 hydrophobic patch 10 are indicated with arrows. Striking differences in the hydrophobic patch of Clb1/Clb2/Clb12 family are highlighted in grey. These differences seem to have appeared at the branch indicated by the thick arrow.
eled by mutation to specifically alter the spectrum of its binding affinities (Cross FR, unpublished data [34] [35] [36] . Cdks and MAPKs are related proline-directed serine/threonine kinases and the fact that they both use target-recognition residues (on the cyclin in the case of the Cdk) may reflect their need for a little help in finding their targets in the cell.
Recently, Mimura et al 18 reported that Clb2 bound to Cdc6 via a phosphorylated binding site generated by Cdk-dependent phosphorylation of the Cdc6 N-terminus. This interaction apparently did not require RXL motifs in Cdc6. This finding, and the dependence of binding on Cdc6 phosphorylation, make it unlikely that the interaction involved the Clb2 hydrophobic patch. Thus, it is clear that even in the cyclin-CDK family there are additional mechanisms of substrate recognition beyond HP-RXL interaction. If Clb5-dependent kinase binds to the Orc6 RXL, and thereby phosphorylates the Cdc6 N-terminus in preRCs, one could imagine a 'hand-off ' mechanism in which Clb2 can then bind to and inhibit this phosphorylated Cdc6 even after Clb5 destruction.
By being expressed and destroyed at different times and in different compartments, cyclins are responsible for directing Cdk activity in a fast and programmed manner. We are now gaining increasing insight into how they also use structural features to achieve efficient substrate recognition and specificity. Therefore, temporal, spatial and molecular factors need to be considered to draw a full picture of how cyclin-Cdk enzymes coordinate cell cycle progression. Understanding the molecular basis of cyclin specificity in cell cycle regulation could be used to develop anti-cancer drugs. Already, RXL-containing peptides were successfully employed to selectively kill transformed human cells in culture and could become useful antineoplastic drugs. 37 
